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HIGH-ALTTTUDE PERFORMANCE OF AN EXPERIMENTAL TURBOJET
COMBUSTOR HAVING VARTABLE PRIMARY-ATR ADMISSION

By David M. Streight and J. Dean Gernon

SUMMARY

As part of a program to determine design criteria for turbojJet com~
bustors, 47 experimental tubuler designs embodying varieble primery-sir
openings to control the fuel-air ratio in the combustion zone were inves-
tigated at simulated high-altitude operating conditions for a represent-
ative 5.2-pressure~-ratio engine. The performance charscteristics consid-
ered were combustlon efficiency, operating range, and pressure loss.

Varleble primary alr had a marked effect on combustor performance;
in order to meintain maximum combustion efficiency, 1t was necessary to
increase primery-air flow as over-all fuel-zir ratlo was increased. The
best experimentsl varigble-ares combustor operated with combustion effi-
ciencles of 89 and 82 percent at cruise engine speed conditions, 56,000
and 70,000 feet of altitude, respectively.

At the cruise condition, the efficlencles of the best experimental
model were as much as 25 percent higher than those of a reference produc-
tion combustor of equel size., At full-rated engine speed, however, the
efficiencles of the experimental model were 3 percent lower. Combustion
efficiencies greater than 90 percent were not readily achleved and this
can probably be attributed to the small size of the combustor.

At the 70,000-foot condition, the opersble fuel-slr-ratio range of
one model of the varlgble-ares combustor was three times the range of the
reference production combustor. Use of varisble primary zir also reduced
the detrimental effects of lncreased temperature rise on pressure loss.

INTRODUCTION

Design criteria for obtaining high combustion efficlency in turbojet
combustors at high-altitude operating conditions are being investigsated
at the Lewls laboratory. As part of this progrem, the performasnce of 47
experimental combustors designed to improve fuel-alr mixture conditions
within the combustion zone by separate control of: the primary air wes in-
vestigated. Eleven models were chosen as representative and the results

are reported herein. .
UNCEESSTED
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The over-all fuel-air ratio; at which a turbojet cambustor must
operate, varies with engine speed, altitude, and flight speed. The maxi-
mum fuel-air ratic of one current engine is about four times the minimim
fuel-air ratio; this range may increase in future turbojet engines 1f im-
provements in engine design allow higher turbine-inlet temperature, hence
higher fuel-air ratios. At both low and high fuel-air ratios, decreases
in performance are frequently observed in turbojet combustors. For ex-
ample, data presented in reference 1 indicate that at low fuel-alr ra-
tlos, the use of large fuel nozzles with poor atomizstion reduced com-
bustion efficiency in an annular turbojet combustor. A fact which may
be attributed to an over-lean mixture condition in the combustion zome.
At high fuel-air ratios, small nozzles with fine atomizgtion also re-
duced the cambustion efficlency, which is attributable to an over-rich
mixture condition.

One experimental method of continucusly controlling the primary-
zone fuel-sir ratio has been reported in references 2 end 3. The dis-
tribution of fuel along the length of the cambustor primary zone was
varied by means of a geries of "staged" injection nozzles.

In the experimental investigation reported herein, the fuel-alr
ratio in the combustion zone of a turbojet combustor was controlled by
varying the primary-air-flow rate. All the primary air was admitted at
the front end of the combustor through variable openings. Fuel was in-
troduced into a centrzl primary-alr opening and was finely atomized by
the air (ref. 4).

The cambustors were operated over a wide range of fuel-air ratios
at alr-flow, pressure, and temperature conditions corresponding to a
5.2-pressure-ratia engine cperating at 85-percent rated speed at alti-
tudes of 56,000 and 70,000 feet. In addition, limited date were ob-
talned at two other air flows, one higher and one lower than the cruise
air flow at 56,000 feet. Combustion efficiency, pressure-loss, and
temperature-profile data were obtained with varisble quantities of pri-
mary air. The effects of a number of design varisbles on cambustor
performance were investigated; these variables included fuel-inJjector
design, air baffles, liner holes, and fuel dams (ref. 5). The 1l models
chosen demonstrate the effect of these:variables. No attempt was made
to evaluate combustor durability, carbon deposition tendencies, or sea-
level high-pressure performance.

Also as part of this investigation, the best models of the variable-
area combustor are campared with several other experimental and produc-
tion model cambustors.

R
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APPARATUS
Combustor Installation

The experimental combustor was installed in & duct connected to the
laboratory gir-supply and altitude-exhaust facilities as shown in figure
l. Combustor air-flow rates and pressures were regulated by remotely
controlled velves located upstream and downstream of the combustor.
Combustor-intet air was heated by an electric heater.

Instrumentation

Air filows were measured by & concentric-hole, sharp-edged A.S.M.E.
orifice installed upstresm of the inlet-air control valves and air heat-
er. Fuel flows were measured by callibrated rotameters. Instrumentation
for sensing combustor-inlet and -outlet temperatures and pressures was
erranged as shown in figure 1. The cambustor-inlet-gir temperature was
sensed by bare-wire, iron-constantan thermocouples (station B, fig. 1);
combustor-outlet-air temperature was sensed by single-shielded, chromel-
alumel thermocouples (station C, fig. 1). The 16 outlet thermocouples
were so connected that individual readings or an instantaneous average
temperature reading could be obtained. All thermocouples were connected
to self-balancing direct-reading potentiometers. Combustor~-inlet and
-outlet pressures were sensed by total-pressure tubes (stations A and
D, fig. 1) manifolded together at each station to obtain average read-
ings. The cambustor-inlet pressure and over-gll pressure drop were in-
dicated by an absolute manometer and a U-tube manometer, respectively.

Combustor

The basic features of the tubular cambustor used are shown 1n fig-
ure 2. The gir flow to the cambustor was channeled into three paths.
Two central paths fed primary air into the upstream end of the cambus-
tor. The inner primary air passed through a swirler into a swirl cham-
ber and thence to & throat section where the fuel was introduced through
radial holes drilled in & fuel disk. The air swirling past these holes
atomized the fuel. The ocuter primary alr flowed through an annular pas-
sage and converged on the inner primary-alr current at the point of en-
try into the combustion space. Both the inner and outer primery-air
flows were varied by axial motion of the throat sectlion, which was at-
tached to a movable sleeve separating the inner and outer primary-air
bassages. ©Secondary air flowed in the outermost annulus and completely
bypessed the primary combustion zone except for small quantities flow-
ing through louvers for cooling the liner walls. Four large alr-entry
slots at the downstream end of the liner were provided to obtain a rela-
tively uniform tempersture distribution at the combustor outlet.
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During operation of the experimental combustor in the duct tests,
the primary-air flow was adjusted by the mechanical positioner shown in
figure 3. The variation of liner open area, expressed as the ratio of
primary open area to totel-liner open ares, is presented in figure 4 as
a function of the crahk setting of the mechanical positioner.

Basic dimensions of the experimental cambustor are shown in figure
3. The combustor had a maximum cross-sectiocnal aree of 0.267 square
feet (7 in. diam). The over-all length of the cambustor including the
inlet diffuser, which contained the area-varylng mechanism, was 31.3
inches. The distance from the plane of ‘the fuel injector to the outlet
thermocouples was 27 inches.

3553

A total of 47 experimental combustor models was tested during the
investigation. Among the variables studied were: fuel-injection method,
primgry-gir admission, and liner configurations. For the discussion pre-
sented herein, a limited number of configurations has been selected to
illustrate (1) the best performance obtalned, and {2) observed trends
in performance with design varisbles. Drawings of the models chosen
are presented in figure 5; the model numbers indicate the order in which
the data were obtained.

A varisble-area, pintle-type nozzle (fig. 6) was used to inject
fuel in combustor models 41 and 46. This nozzle was designed to over-
come the poor circumferential fuel distribution normally encountered
with pintle-type nozzles without sacrificing the wide-flow range in-
herent in this type of nozzle. The fuel i1s channeled intoc a predeter-
mined number of "streaks" by the flats ground on the surface of the stem
(fig. 6). These fuel streaks flow along the shaft, spread out on the
tapered pintle, and are atomized in the air as they leave the sharp edge
of the pintle. The original model of this nozzle produced the desired
spray form (eight unifaorm streaks) from 7 to 1915 pounds per hour fu€dl
flow, & 270 to 1 flow range (the limit of the test facility). This
renge was obtained with nozzle pressure drops from 95 to 395 pounds per
square inch. For the experimental combustor models 41 and 46, the noz-
zle pressure drop was adjusted tec a lower value sand varied from 20 to
70 pounds per square Ilnch over the range of fuel flows investigated
(10 to 100 1b/hr).

Fuel

The fuel used in this investigation was liquid MIL-F-5624B, grade
JP-4. Inspection data Tor the fuel are Presented in table I.
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PROCEDURE

Combustion efficiency and cambustor pressure-loss data were recorded
during operation of each experimental combustor model at one or more of
the following combustor-inlet conditions:

Condi-|Total Total |Alir-flow rate |Simulated flight
tion pressure, |temper-|per unit com- |altitude in
in. Hg abs|ature, |bustor aree, reference engine,
OF 1b/(sec)(sq £t ) £t
(a)

A 15 268 2.78 56,000

B 8 268 1.48 70,000

c 5 268 .93 80,000

D 15 268 2.14 56,000

E 15 268 3.62 56,000
&Baged on maximum cambustor cross-sectional area,

0.287 sq T%.

These condltions simulate combustor-inlet condlitions in a refer-
ence turbojet engine with a pressure ratio of 5.2, operating at 85-
percent rated speed (cruise condition) and at a flight Mach number of
0.6. Air-flow rates at conditions A, B, and C are representative of
current turbojet engines. Air-flow rates approximately 30 percent grest-
er and 23 percent less than the reference conditions are presented by
conditions E and D, respectively.

Sufficient data were obtained with each combustor model ait several
primery-air-flow settings to indicate trends in combustor performance.
Data were obtained for most models at conditions A, B, and E; none of
the models investigated would operate at condition C. In generzl, com-
bustor performsnce was obtained over & range of fuel-air ratios from
the lean blow-out point or a minimum temperature rise of approximately
300° F to the rich blow-out point or the meximum safe temperature for
the exhsust-gas instrumentation.

Combustion efflciency, defined as the percentage ratio of actual
to theoretical increase in enthalpy of gases flowing through the combus-
tor, was computed by the method of reference 6. The average combustor-
outlet total-tempersture reading was used to calculate the enthalpy of
ges at the combustor outlet; indicated temperature readings were not
corrected for velocity or radiation effects.

Cambustor total-pressure losses are expressed as the dimensionless
ratioc of the total-pressure loss to the reference velocity pressure
(computed from the air flow, meximum combustor cross-sectional area, and
combustor-inlet-air density).
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Sample combustor-ocutlet temperature-profile data were taken periodi-
cally for each combustor model by récdrding individual thermocouple
readings.

RESULTS

An investigation was conducted on 47 different varisble-area combus-
tor models in an effort to obtaln optimum performance characteristics at
high-altitude operating conditions. Results obtained with several models, ﬂ
selected to best illustrate the trends obtained, are presented in figures 2
7 to 13. Experimental data for the models are presented in tgble II.

The combustion-efficiency data obtained with combustor model 10 -
(fig. 5(a)) is plotted in figure 7 to illustrate the effect of varying
the primary-air flow. The peak efficiency occurred at successilvely high-
er fuel-alr ratios as the primary-alr flow was increased. At test condi-
tion E (fig. 7(a)), the combustor was operated at only one primary-air
setting; however, if date were cobtained at other settings a similar trend

would be expected. The data show that an optimum primary-alr flow exists £
for each over-asll fuel-gir ratio. Values of primary-zone fuel-alr ratio
were not measured nor could they be readily computed since neither .

primary-zone pressure drop nor discharge coefficients of air openings
were known.

The use of varlable primary-asir flow to extend the operable range
of fuel-air ratios is illustrated in figure 7(d). Rich blow-out occurred
at a fuel-gir ratio of approximately 0.026 when the primary-ailr openings
were get at 11 percent of total-liner hole area. By increasing the
primary-air openings to 19 percent of total open area, combustion was
maintained at a fuel-air raiio of 0.038.

Effect of Fuel Injector Design

Several of the 47 models investigated incorporated different methods
of introducing the fuel. The effect of two fuel-introduction variables
on performance are described in the following paragraphs.

Number of holes in fuel disk. - The cambustion efficiencies of the
combustors having a different number of holes in the fuel-injection disk
are presented in figure 8. In filgures 8 to 11, only those data obtained
with primary-alr-flow settings resulting in the highest efficiencles are
presented in order to simplify the comparisons. At the milder test con-
ditions E and A (figs. 8(a)) and (b)), the number and size of holes in '
the fuel disk had an almost negligible effect on the performance; how-
ever, at test condition B (fig. 8(c)), there is evidence of increase in

7
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efficiency when fewer fuel-introduction holes are used. Preliminary
date (not shown in fig. 8) indicated that size of fuel holes was rela-
tively unimportant.

Air against mechanical atomization. - The combustion efficiencies
of three models having mechanical gtomizers installed and one model using
air atomization (model 26) are compared in figure 9. In general, all
the mechanical spray-nozzle models were characterized by a narrow operat-
ing range, even when the primery-air flow wae varied. The small fixed-
areg nozzle (model 34) produced slightly higher efficiencies at low
fuel-air ratios at test condition E (fig. 9(a)) and at the high and low
ends of the fuel-air-ratio range at test condition B (fig. 9(c)). When
a larger fixed-area nozzle (model 42) was used, the operating range was
limited to high fuel-air ratios only, and combustion was very rough.
The performance of cambustor model 41 with the wlde-range pintle nozzle
(fig. 6) installed was sbout the same as that with air atomization, ex-
cept at high fuel-air ratios at test condition E (fig. 9(a)) where air
atomization produced considerably higher efficiency.

Effect of Primary-Air Baffles

In attempts to raise the cambustion efficiency level of the
variable-area combustor, baffles (fig. 5(c)) were attached to the fuel
disk to cause major changes in the gir-flow patterns in the primary zone.
The slotted disk and V-gutter baffles (models 20 and 21) were designed
to inerease turbulence in the primary zone, and & plain cone-shaped disk
(model 25) was designed to increase reverse flow in the center of the
combustor. The fuel was atomized by air in these three models. Typi-
cal results obtained are presented in figure 10.

At test condition A (fig. 10(a)), models 20 and 21 burned with ap-
proximately the same efficiency as the basic coambustor model 10. At
test condition B (fig. 10(b)), model 20 burned with slightly higher ef-
ficiency than model 10, whereas model 21 burned with lower efficilencies.
The plain disk baffle (model 25) performed with low efficiency at both
test conditions.

Performence Characteristics of Best Models

Variable-area combustor models having improved performance charac-
teristics were developed by adding new features to some of the models
previously discussed. The cambustion efficiencies of these models are
presented in figure 11.

High-efficiency model. - A small pilot fuel spray was added inside
the plaln disk baffle of model 25 to provide additiocnal fuel in this
region. A row of 0.375-inch holes was added in the liner 6 inches
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downstream of the fuel disk to increase the reverse flow of alr in the
primary zone. Finally, another row of 0.25-inch holes with fuel dams
were added in the liner 3 inches downstream from the fuel disk to re-
circulaete the fuel which bhad impinged on the linexr walls. The combina-
tion of all these chariges resulted in a cambustor (model 29) having high-
er combustion-efficiency performance than any other model investigated
over most of the range. For both eir flows at a combustor-inlet pres-
sure of 15 inches of mérdéury absoluté (conditions E and A, figs. 1l(a)
and (b)) the combustion efficiency varied from 90 percent at a fuel-air
ratio of 0.008 to B85 percent at a fuel-air ratio of 0.026. At condition
B, 8 inches of mercury absolute (fig. 11(c)), the efficiency varied from
81 percent at a fuel-gir¥ ratio of 0.013 to 69 percent at a fuel-air
ratio of 0.026. ~ Although the highest efficiency was obtained with model:
29 the cambustion was charscterized by rough burning.

Wide-range model. ~ Several changes were made in cambustor model 29
in en attempt to increase the operable range &t high fuel-alr ratios and
to increase the combustion efficiency. The combustor having the widest
operating range (model 48) was similar to model 29 except that the small
fixed-area pilot nozzle was replaced by the wide-range pintle nozzle end
four smaller fuel holes were used for air atomlzation (fig. 5(d)). These

changes allowed a large percentage of the fuel to penetrate further down- ..

stream in the cambustor.

At high fuel-air ratios at test condition B, the performance of
model 46 was better than all other models 1in both range and efficiliency
(fig. 11(c)). Blow-out occurred at s fuel-air ratic of 0.041, where
the efficiency was approximately 60 percent. The range at the other
conditions A and E was about the same as that of model 29; however, the
efficiency level was somewhat lower Model 46 was also characterized
by rough burning.

Combustor total-pressure loss. - Typlcal total-pressure-loss data,
obtained with several variable-area combustors with plain disk baffles
are presented in figure 12. The pressure-loss data are plotted as a
function of combustor-inlet to -outlet demsity ratio. At a comstant
primary-eir setting, pressure drop increased linearly with density ratio.
When the primary-alr flow was increased by increasing the area of the
alr openings, the pressure drop was reduced.

A curve representing the pressure loss of model 29 at test condi-
tion E and at the primary-alr settings required for maximum ccmbustion
efficiency 1s shown in figure lz(a). If a constant area setting of 11
percent primary alr were used (equivalent to a fixed-geometry combus-~

tor), the total-pressure loss would increase from approximately 20 to r

25 times the reference velocity pressure for an increasse in density
ratio across the cambustor from 1.0 to 3.2. With variable-sir admission
(model 29), the pressure loss was only 21 times the reference velocity

3553



£39eg

CD-2
»

NACA RM ES5B10 P 9

pressure at the density ratio of 3.2 (equivalent to a cambustor tempera-
ture rise of 1400° F), a decrease of 16 percent from the fixed-area-
setting curve.

Temperature profile. - A typical cambustor-outlet temperature pro-
file for the high-efficiency model 29 is presented in figure 13. In
general, the temperatures were uniform within +200° F, although occa-
sionally an eccentric profile was recorded. The eccentricity was usual-
ly caused by miselinement of parts in the primary-sir passages, or ec-
centricity of the liner at the combustor outlet.

DISCUSSION
Combustor Design Variables

The results of this investigation showed that, by continuously
varying the primary-air flow, 1t was possible to achieve nearly constant
combustion efficlency over wide ranges of fuel-agir ratio. The design
features incorporated into the combustor permitted the primary-zone
fuel-gir ratio to be meintalned at & near-optlmum value at all operat-
ing conditions.

From a comsideration of the design of the variable-area combustor
and the results obtained with the various experimentsl models Investi-
gated, several trends are indicated that msy be useful in the design of
turbojet combustors.

Fuel introductiion. - When alr atomizaiion alone was employed, fewer
holes in the fuel disk improved performence. This result tends to sub-
stantiate the theory that alternate air-rich and fuel-rich regions in a
combustor primary zone aids combustor performance (ref. 7). Although
no marked effect of hole size on performence was noted, there are limits
on the size that can be used. If small holes are used, fuel cennot be
supplied over the camplete range of operation of an engine without ex-
cessive fuel system pressures, or if the holes are very large, perform-
ance will probably decrease and vapor-lock problems will increase.
Similarly, there are size limits for the fixed-area spray nozzles used
in some configurations. For example, the fixed-area nozzle of combus-
tor model 34 was too small to permit operaetlion over the complete range
of engine conditions, whereas the large nozzle in cambustor model 42
allowed combustor operation at high fuel-air ratios (fig. 9) but pro-
vided insufficient atomization gt low fuel flows.

It was found that for the experimental combustor configurations
investigated, air and mechanical atomizgtion of the fuel gave approxi-
mately equal performasnce; the best performing models (29 and 46) used a
combination of the two. These results suggest the use of primery sir
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to aid atomization of poorly developed sprays now obtained with conven-
tional fixed-area spray nozzles at low fuel flows. Fhotographs of liquid
sprays obtained in a tubuwlar turbojet combustor (ref. 8} are further evi-
dence of the extent to which air flows mgy aid atomization.

Rough burning in the variable-ares combustor (table II) usually oc-
curred at lean primary fuel-air ratios slthough cccasionally it would
occur at the rich end. In model 42, with the large fixed-area nozzle,
the burning wasg very rough probably because of the poor atomization.
The rough burning encountered in the best models (29 and 46) appeared
to be assoclated with the use of fuel dams, which may have influenced
the fuel preparation or the air-flow patterns in the primary zone.

Air-flow patterns. - The use of baffles in the primary zone markedly
affected combustion efficiency (fig. 10). The slotted-diek baffle (model
20) and the V-gutter baffle (model 21) were designed to increase turbu-
lence in the. primary zone. The difference in performence masy be ac-
counted for by the different degrees of turbulence created by the two
baffles. The plain-disk baffle (model 25) was designed tc promote re-
verse flow in the center of the combustor primary zone. A small fuel
spray was required insilde the baffle tao provide a hot piloting region.
Additional liner holes and fuel dams were required to further promote
reverse flow and mixing of the fuel and slr in the primary zone to
achieve the high combustion efficiency of model 29.

The results obtained with the varlable-area cambustor models inves-
tigated indicate that both air-flow patterns and fuel introduction af-
fect the results obtained and that both must be varied to achieve the
optimum configuration.. The best models (29 and 46) were developed by
this technique. : '

Control system. - The over-all fuel-asir ratios (100-percent com-
bustion efficiency assumed) required for operation of one current turbo-
Jet engine at a flight Mach number of 0.6 are presented in figure 14.
Higher fuel-alr ratiocs are required at high engine speeds but they oc-
cur at lower fuel-flow rates as eltitude is increased. The shape of the
curves also changes with flight speed.:  The design principle of the
variable-arég combustor is to Increase primery-air flow with increase
in these over-all fuel-air ratlios to maintein primsry-fuel-air ratio
near optimum values.

No single engine varisble shown in figure 14 (fuel flow, engine
speed, altitude, or flight speed) can theoretically be used as a pre-
cise signal source to actuate the primery-air-flow control mechanism if
the variable-area design principle 1s to be used in an engine. Such a
precise control signal would have to be obtained from = canbination of
engine variables; such as fuel flow and combustor inlet-air density, or
engine speed, altitude, and flight spezd.

3553
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The data presented for several models of the experimental variable-
area combustor show that maximm combustion efficiency is cbtained only
when the proper amount of primary air is provided; however, in some
models maximum efficiency is obtained over a considerable portion of the
fuel-air-ratio range at one primary-alr-flow setting. This suggests the
poseibility of a two- or three-position comtrol for primary-alr setting
instead of continuous control or use of a single variable such as en-
gine speed to provide a signal source. The off-design performance may
not be seriously lowered by this method. Figure 15 illustrates one pos-
sible method for utilizing a control signal to vary the primary-sir open-
ings in the combustor. The bellows assembly i1s linked to the throat
section by the moveble sleeve. The control pressure signal scts on the
bellows ares to adjust the throat section and maintain the optimum quan-
tity of primery-air flow.

Performance of Best Varisble-Area Combustor

The combustion-efficiency performance of model 29 varisble-area
combustor is compared with that of several other experimental combustors
(refs. 5, 9, and 10) and with a reference production cambustor, all of
approximately the same nominal size, in figure 16. Two lines of con-
stant cambustor temperature rise are also shown 1in figure 16 to repre-
sent engine cruise operation (680° F) and maximum engine speed (1180° F)
conditions. These lines show the increase in fuel-air ratio that is re-
quired when loss of cambustion efficiency occurs. The date Indicate, in
general, that all the experimental combustors represented have efficiency
levels near 90 percent at test conditions A and E (pressure, 15 in. Hg
abs). GQGreater differences in performance sre exhibited at the more se-
vere test condition B (pressure, 8 in. Hg abs); the efficiency of the
prevaporizing combustor (ref. 9) was from 3 to 11 percentage points high-
er than that of the variable-area combustor. It is also noted in figure
16 that all the experimental combustors operated with efficiencies high-
er than that of the reference production combustor, particularly at lean
fuel-air ratios and at low pressures. The efficiency of model 29 was as
much as 25 percent higher than that of the reference production combustor
at the engine cruise conditions. At meximum engine speed conditions,
however, the efficiency of model 29 was about 3 percent lower. A1l the
experimental combustors were, however, designed without regard for other
combustlon-chamber problems such as durability, carbon deposition tenden-
cles, and ease of mamufacture.

The range of fuel-air ratios over which model 29 would operate was
only slightly greater than that of the reference combustor (fig. 16).
Modification of the fuel-introduction system of model 29, however, re-
sulted in a configuration (model 46) that operated at fuel air ratios
from 0.007 to 0.041l at test condition B (fig. 11(c)). This operating
range is about three times that of the reference ccmbustor (0.014 to
0.027) at the same test condition. The cambustion efficiency of model
46 was sbout 3 to 5 percent lower than that of model 29 over much of

the operating range.
S
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The fact that all the experimental combustors represented in figure
16 have gpproximately the same performance indicates that combustor per-
formence mey be limited by the size of. the cambustor. Data obtained
wlth combustors of different size substantiate this poseibility. A rela-
tion between combustion efficiency and cambustor size, as expressed by
the hydrsulic radius of the cambustor liner at the polnt where the un-
disturbed fuel spray strikes the liner walls, is presented in reference
1ll. The comparison of different combustors was made at operation condi -
tions of equal severity as expressed by the parameter /PiTi (where

Vr 1is the combustor reference velocity, calculated fram inlet density,
mass-flow rate, and maximum combustor cross-sectlonal ares, ft/sec; Py

is the combustor-inlet static pressure, lb/sq ft abs; and Ty 1s the
combustor-inlet temperature, OR).

Values of combustion efficiency and hydraulic radius for several
experimental and production cambustors, including those of reference
11, are presented in table III for two values of the severity factor

(v./PyT; equal to 100 end 248x1Q- 6) The combustion-efficiency date
ri*i

shown in table III were obtalned from the faired curves of reference 12
(based on the reciprocal of V,/P;T;) and from the other reference

sources at a combustor temperature rise of 680C F, which is representa-
tive of the current requirement for engine crulse operation. At the
high value of vr/PiTi’ the performach is also shown fo;_a temperature
rise of 1180° F, which represents the requirements for meximum engine
speed. These data are plotted in figure 17. The major objective of
the experimentasl combustors was high combustlion efficiency at low pres-
sures and the results (fig. 17) show that most of these combustors have
efficiencies well above the production cambustors at hoth velues of

v /PiTi' The curve falred through the experimental data for combustors

having the highest efficlencies suggest that the maximum performance
atteinable is limited by the size of the combustor. The varisble-ares
combustor data point is near the upper curve at both severity factors;
thus its performance may also be limited by its size. The lower produc-
tion combustor curve in figure 17(a) was obtained from reference 11. In
general, for both production and experimental combustors, efficiency
increases with increase In hydraulic radlus. The curves indicate that

a hydraulic radius of 2.0 inches or greater is required to achieve 100-
percent efficiency at the lower severity factor with the fuels and equip-
ment now being used.

In figure 17, the scatter of the data is greater at the more se-.
vere condition, which indicates the difficulty of achieving high effi-
ciency at high values of Vr/PiTi. The effect of combustor length is

not considered here and may account for some of the spread of the data.
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The effect of combustor temperature rise on combustion efficiency
1s illustrated in figure l7(b) by the tailed symbols. In general, the
efficiency decreased from 8 to 14 percentage polnts as the temperature
rise increased from 680° F (upper faired curve) to 1180° F. Data for a
similar increase in temperature rise was avallsble for only one produc-
tion combustor (teble IIT). This combustor showed an increase in effi-
ciency from 57 to 71 percent for the lncrease in temperature rise. Its
performance was thus close to the best of the experimental combustors
of the same nominal size at the higher velue of temperature rise. The
decrease in efficiency with the decrease in combustor size is not yet
well understood. Some possible factors are wall quenching effects, fuel
impingement on the walls, or fuel and air mixing limitations due to com-
bustor size. :

Pressure loss. - It is shown (fig. 12) that the pressure drop could
be decreased with increased density ratio (or temperature rise) when the
primary-air openings were varied for msximum combustion efficiency. If
continuous control of the primery-air areas were used instead of step-
wise changes, 1t appears possible that the combustor pressure loss could
be maintained at a nearly constant value over the complete range of fuel-
alr ratios.

The pressure losses of the variable-area combustor investigated
were higher than current practice (isothermal pressure drop of & repre-
sentative production combustion is 12.0). Nevertheless, it is believed
that proper redesign of the front end of the combustor would result In
marked reductions in pressure loss.

Temperature profile. - The data presented indicate that it is pos-
sible to obtain & flat temperature profile even though all the secondary
alr enters in only the last 5 lnches of the liner. Since all the fuel
and primery air enters at the upstream end of the combustor liner, a
relatively uniform tempersture profile is probably achieved by the time
the hot gases reach the secondary-sir slots. It 1s belleved that con-
trol of combustor-outlet temperature profile could be attained by simple
changes in the secondary-air openings.

CONCLUDING REMARKS

Variable primary-alr flow has been shown to be another method of
extending the rich limit of combustion in sddition to fuel staging;
however, either method involves a more complex combustor design and a
more complex control system to regulate the new varlable. This com-
plexity must be weighed against possible geins that the date indicate.

The major advantage of the variable-area combustor was the exten-
sion of high efficiency over greater fuel-alr-ratio ranges. The combus-
tor failed, however, to perform with efficiencies much higher than S0
percent, which was attributed to the small size of the combustor.
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SUMMARY OF RESULTS

An investigation was conducted with experimental combustor designs
incorporating a means of varying the primary-ailr flow. The performance
of the best configurations at high-altitude operating conditions are
sumarlized in the followlng paragraphs. The velues quoted for simulated
flight performence refer to combustor operating conditions in a typical
5.2-pressure-ratio turbojet englne at a flight Mach number of O0.6.

1. The primery-air flow markedly affected combustlon efficlency.
Maximum efficlency was obtained with increased primary-slr flow as over-
all fuel-alr ratio was increased.

2. Combustion efficiencies obtalned were as high as 83 percent at
cruise speed at 56,000 feet and as high as 82 percent at 70,000 feet.
At the cruise condition, the efficiencles of the best experimental model
were as much as 25 percent higher than those of a reference production
combustor of equal slze. At full-iated engine speed, however, the effi-
clencies of the experimental model were 3 percent lower.

3. The range of fuel-alr ratlios over which the combustor would op-
erate wlthout blow-out was increased with use of variable alr admission.
At the 70,000-foot conditlion, the fuel-slr-ratio range of one combustor
model (model 46) was three times the range of & reference production
combustor. :

4. The increase in combustor pressure loss wilth lncrease in combus-
tor temperature rise was reduced when varisble primery-slr asdmission was
used. The pressure-loss level, however, was higher for the models in-
vestlgated than for current productlon combustors.

Lewis Flight Propulsion Laboratory
Nationael Advisory Committee for Aeronautlcs
Cleveland, Ohio, February 14, 1955
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TABLE I. - FUEL ANALYSIS

Fuel Properties

MIL-F-5624B (JP-4)
(NACA fuel 52-53)

A.S.T.M. distillation D86-46, °F
Initial boiling point
Percent evaporated

5

i0

20

30

40

50

60

70

80

90
Final boiling point
Residue, percent
Logs, percent

Arometics, percent by volume
A.5.T.M. DB75-46T
Silica gel
Specific gravity
Viscosity, centistokes at 100° F
Reid vapor pressure, lb/éq in.
Hydrogen-carbon ratioc )
Net heat of combustion, Btu/lb

136

183
200
225
244
263
278
301
321
347
400
498
1.2
0.7

8.5
10.7
0.757
0.762
2.9
0.170
18,700
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TABLE II. - EXPERIMENTATL, DATA

Bun} Combus-| Coabustor-| Combustor-| Alr- [ ALr-flow|Combustor] Pusl-! Fuel- |Mean Mean |Combus- | Total Rerarks
tor inlet to- |inlet to- |flow |rate per|referencejflow |air combustor-| combus- |tion ef- | pressure-
orank tal pres- | tal tem- rate, [unit veloclty,|rate,|ratio |outlet to- tor tem-|ficiency,| loss
settingjsure, F;, |perature, 1b/nec nr;?, ) o 1n/hr tal tem- |perature| percent | through

Py 1b/(nec pera s | rise, combun tor,}
in. Hg abs o;‘. (sq It} ft/aec S;ro 587 in. weater
Model 10

718 o 7.9 268 0.397 | 1.487 103.4 |(28.7 [0.0201 1185 17 656.7 —

711 7.8 265 355 | 1l.480 102.8 26.0 0183 1156 885 89.2 —

712 8.0 72 <396 | 1l.434 102.5 .5 0158 1075 803 72.0 —_—

713 268 397 1.487 101.9 29. 0207 1200 934 65.1 —_—

714 27 2394 1 1.476 1c1.9 28.7 0202 1225 854 88.l ———

715 271 .398 1.490 102.8 3%.5 0220 1255 984 65.1 —

716 270 -403 | 1.509 103.9 |35.0 Q243 1240 570 58.7 —

7 272 -404 | 1.514 104.6 [37.0 | .0255 1220 948 Sb.4 — (a)

718 8.0 266 405 | 1.817 103.8 51.5 0555 1220 944 40.1 —

718 8.0 N <397 | 1.487 102.4 48.0 0344 1240 970 £2.3 —

720 8.1 268 402 | 1.505 102.1 £6.5 0321 49.5 ——

721 8.0 256 .399 1.495 102.4 £5.5 Q505 1525 1052 .1l —

722 7.8 266 . 1.489 104.0 [40.5 .0281 1280 1014 55.4 —

725 5 a.0 265 398 | 1.450 101.9 38.0 .0272 1320 1088 57.2 — {n)

725, O 8.1 276 -390 1.480 102.2 }34.7 0242 1270 994 80.0 15.0

726 8.0 266 102.1 31.7 .0 1240 874 63.9 1s.1

127 7.9 270 103.9 20.4 -0198 1205 535 58.0 3.1

728 8.0 274 103.2 |26.8 .0187 1170 836 60.8 12.8

728 8.Q 264 101.8 5.0 0161 1080 az6 72.8 12.6

730 8.0 262 101.5 20.a 0138 1005 T43 74.5 12.5

7351 8.0 268 0z.8 |36.2 0246 1280 1011 60.4 12.8

732 — — ———— |57.7 0263 —_— —— — — (o)

733 5 8.0 2886 -398 i.430 102.1 £5.6 0304 1340 1074 52.7 11.5

754 a.o 269 ‘ 102.5 40.0 .0279 1325 56.0 11.5

736 8.1 100.7 £5.5 0524 15350 1065 49.2 1l.4

7368 a.0 264 1.491 101.8 49.1 0342 12650 1 £35.1 1n.s

737 I 268 102.1 (47.6 | 0352 1270 45.2 11.6

738 268 102.4 [S52.0 -.0362 1210 942 39.1 11.8

138 8.0 264 387 1.487 © 101.8 52.Q 0564 1325 1061 44.0 11.2

740 a.c 22 .3588 1.479 102.1 58.5 0278 1400 1128 §0.4 11.0 h]

T4l 8.1 270 -397 1.487 201.1 45.2 0516 1470 1200 57.2 11.1 b

TR 8.0 288 -387 | 1.487 102.1 48.4 -0336 1360 2082 48.6 1.2

T4S 8.0 288 398 1.463 10r.6 [53.9 0378 1520 1054 42.4 13.2

T4d 2.5 8.0 272 398 | 1.491 105.0 54.9 Q244 1260 g88 S9.4 12.0

745 7.2 270 395 [ 1.479 105.1 [58.7 0272 1160 o 48.0 1.8

746 8.0 270 101.9 47.0 0331 1070 800 35.9 11.8

TAT { 264 101.6 [35.0 | .0232 1280 1016 635.9 11.6

748 268 101.6 29.8 - 1250 982 68.0 1.7

749 7.9 272 105.4 25.4 -017€ 1185 a1s 15.3 11.6

750 [+4 15.0 271 .83 2.148 78.93 |5L.2 Q248 1585 1524 789.5 15.8

751 ‘ 270 l 78.82 [47.3 0230 1825 1255 a1.0 15.6

152 212 T9.04 [43.4 0211 1450 1178 8z2.2 135.4

753 15.1 aT1 <570 2.135 78.00 [46.0 - 8.7 15.2

754 15.1 27 77.89 |655.7 0272 1690 1420 78.9 13.4

755 15.0 268 T8.20 [38.5 -.a182 1390 1122 84.8 12.6

758 265 T7.87 |35.7 0174 1298 1030 85.2 2.4 b

57 T8.41 |55.0 0161 1250 260 85.4 12.4 b

758 . 72 T8.63 |28.0 ~0141 1140 868 ar.0 12.2 b

59 3 15.0 2711 - 2.135 768.52 [43.1 L0210 1480 1188 85.1 11.0 (b)

760 15.0 272 ’T 78.63 |46.2 0225 1540 1258 85.2 11.2

761 1s.1 267 77.58 |61.0 | .0249 1640 82.6 1.5

762 15.0 272 685 2.116 77.93 |57.3 .Q281 1740 1468 79.0 12.2

763 14.9 570 | 2.135 78.29 [40.0 0185 1410 85.6 10.8

764 15.Q 7T.77 [39.5 .0192 1385 1131 85.5 10.8

76S I 20 T 79.41 [55.5 L0175 1290 1020 84.8 10.5

766 267 76.0¢ [52.5 [ .0158 1208 8358 8.5 10.2 (b)

767| 10 15.0 266 -570 2.155 77.58 [40.7 0198 1415 1149 84.5 10.8 b

768 271 79.52 |35.5 0173 1306 1029 . 85.86 10.7 b

769 272 T8.65 [£4.8 0218 1510 l2s8 83.5 10.9 b

770 269 T8.30 [49.7 0242 1820 85.1 11.0 b

7L 285 566 2.116 77.19 {54.8 0270 1730 1485 az.0 11.2 b

772 Q 15.1 271 -T38 | 2.753 100.6 50.1 .018C 1575 1104 M7 a.2

75 Q 268 100.8 |48.3 0175 1510 1042 85.8 .4

774 267 100.7 ]45.8 | .0266 1245 978 84.5 21.2

775 271 101.2 |39.2 0148 118s 214 87.5 20.9

778 256 100.6 Sh.4 0130 1075 aoe 87.3 20.§

777 284 -730 | 2.734 99.59 [51.7 | .0121 1026 761 88.0 20.0

778 270 -735 2.75% 101.1 55.2 -0208 1458 1185 83.2 2.7

719 271 - T30 2.754 100.8 61.6 0235 1528 1254 T4.2 22.1

780 288 <755 2.755 10Q.9 65.5 48 1650 1282 77.0 22.3

781 L 15.0 268 T30 2.754 100.1 65.2 0248 1825 1357 81.8 15.1

782 264 735 2.755 100.3 59.1 0223 1550 1286 85.0 18.7

269 T30 | 2.754 100.3 52.8 0200 1455 86.3 18.0

T84 265 <TES 2.7 100.4 [48.1 Q182 13560 1088 a7.0 18,1

785 272 101.4 |[44.8 0170 1230 1018 86.1 18.1

788 287 100.7 [37.2 0143 1135 ass 85.5 17.3 (b)

787 266 .725 | 2.715 89.17 |£0.7 0156 1200 934 85.2 17.3

788| 10 15.0 a7 725 (2.718 99.59 |55.5 0213 1470 1198 82.6 17.8

789 i 270 LT50 | 2.734 100.4 |81.3 | .023% 1580 13510 as.5 18.4 {o}

790 268 735 2.753 100.8 47.1 0178 1225 57 TT.1 — c

791 (] 271 .980 5.670 134.1 5L.3 0149 216Q 88s 84.6 o 57.2

782 256 .965 | 5.614 151.1 [58.8 -01E3 1210 a2.5 37.8

793 . 269 -955 | 3.614 155.4 82.5 0179 1280 981 79.5 —_—

T84 14.9 10 .85 [ 5.558 151.6 43.9 «Q 1080 7 86.4 ———

795 15.0 266 | -955 [3.8577 130.7 40.4 0117 95 T29 86.7 —_—

2p] ow-out . -

b!\msh urning.

CYery rough burning.
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TABLE II. - Continued. EXPERIMENTAL DATA
Run [Combus~| Cambustor-| Combustor-|Air- [|Air-flow|Combustor|Fuel~ Fuel- | Mean Kean Combus- | Total Remarks
tor inlet to- | inlet to- [flow rate per|reference|flow | alr ocombuator-]{ combus- |tion ef- | pressure-
erank tal pres- | tal tem- rate, Junit veloclty,|rate,|{ ratio | cutlet to-| tor tem-|ficlency,| loss
i setting|sure, Py, | perature, |1b/sec ;.‘t;;%, y o1 1b/%m tal tem- |perature| percent |through
. Ty sec ' persture, | ris oombustor
i in. Hg ebs Op' (aq £t) ft/nec ’ 7 in. water
Nodel 20 . _ .
796 [} 8.0 268.._ 0. 401 1.502 103.2 29.Q } 0.0201 1265 997 71.8 - —
797 268 102.9 26.G 1235 969 77.3 —
798 270 103.4 [22.3 1100 830 76.8 (a,b)
789 267 103.G 25.17 1130 923 74.3
&00 a.1l 270 lqz2.2 28.1 1235 965 70.1
l 801 8.1 266 101.8 32,1 12a5 1018 66.56
i 807 1? 8.1 270 - 1.502 jod.2 51.7 1230 1020 67.6 {b}
, 808 [ 273 102.6 35.5 1400 1127 67.6
; 809 272 102.4 38.4 1445 1173 6§5.6
810 8.0 273 103.9 4.3 1490 1217 53.9
811 7.8 272 .402 | 1506 1o%.T [31.7 1280 1008 67.0
8a2 ? 14.8 a7 741 2.775 102.7 24.48 870 598 89.3
823 15.0 268 JTEL 2.775 101.8 21.4 %G 528 88.8
1 830 5 15.0 270 . 740 2.172 1.8 60.5 1540 1270 82.8
: 833 270 . 738 2.788 101.7 53.3 1440 1170 a5.4
; 434 268 1] 2.768 101.4 47.8 1545 1077 86.4
i yas 263 .7 2.772 1l0Q.8 42.6 1235 972 B6.8
, 836 259 101.7 37.9 1180 891 868.2
! 837 268 101.5 35.0 1060 792 8.4
E 858 270 -73% 2.768 101.7 25.7 900 €30 ag.5
Hed 10 15.0 262 LT42 2.779 101.0 64.2 1595 1333 az2.5
845 ‘ 269 } 101.9 71.Q 1710 . 1441 a.7
848 285 101.4_}75.2 17d0° 1515 81.7 {a)
Model 21, - .
867 [+] a.o 273 0.398 1.483 102.6 25.0 {C.0181 1030 757 &6.4 135.0
888 8.0 266 101.6 20.d 0140 985 719 71.8 12.a
889 8.1 265 100.2 25.5 -0179 10 845 87.3 —
870 8.0 266 101.6 |28.%5| .0199 1160 894 54.5 —
a7l 8.0 278 -.587 1.487 103.2 3.2 0218 185 19 61.5 13.2
8712 8.0 266 .587 1.487 101.8 34.% .0238 1175 909 55.4 — b
817 15.0 270 - TA2 2.778 102.1 37.9 | .0142 1120 8§50 84.8 er—— b
&78 . ; 272 - 741 2.715 1o2.2 [35.9 | .0127 1050 178 8.8 ———— t]
879 272 740 2.712 102.1 30.5 4116 795 T3 47.8 a.l
880 14.9 264 . 159 ].768 1pl.5 [a9. ..0108 960 698 88.5 2.0
881 5 15.2 269 L7400 | 2,772 %.3 ﬁa' a163 1235 966 4.7 11.2
882 15.0 271 T4l 2.776 .1 46, 0176 1230 1019 . 83.5 —
as83 272 -740 2.7712 . 1a2.1 49.9 0187 1335 1083 835.7 ———
884 272 . T4l 2.776 10g8.2 55.6 0201 1410 1138 82.7 ———
885 264 - 741 2.775 101.1 56.8 .0212 1460 11396 2.4 18.8
886 270 - T40 2.772 101.8 61.6 .0232 1540 1270 al.4 ———
Model 24
837 ? 15.1 266 2.7179 100.8 46.5 |0.0174 1310 1044 86.5 18.2
938 15.0 267 1.7 42.0 .0157 1240 973 88.2 ———
259 16.1 270 101.4 |40.0 | .0150 1200 9350 88.4 ———a
940 16.1 269 2.772 101.Q 36.5 L0137 1130 asl 88.86 18.6 {b)
941 15.0 267 2.772 1014 49.7T .0187 1380 1123 87.1 ——
942 15.1 269 2.6809 102.3 §55.2 .0205 1460 1191 as5.2 ——
943 15.0 268 2.798 102.5 57.5 .0214 12352 84.7 —
944 ] 15.¢ 272 2.790 102.8 57.8 0215 1825 1253 85.7 18.5
945 15.0 268 2.808 102.8 61.6 .0228 1585 1317 85.5 ——
; 948 15.1 262 101.4 65.5 0242 1640 1378 M.7 —
947 15.0 267 102.7 68. & .Dass 1670 1403 85.9 ——
948 1B.0Q 270 105.2 70.5 .0281 1700 1430 82.5 —
948 | 10 15.1 272 2.790 102.1 [70.8 | .0264 1710 1438 82.1 {e}
950 Q 8.0 268 1.483 101.9 5&.7’. Q272 1052 56.1
961 274 1.487 103.0 54.9, .Q245 1310 1036 §2.3
952 284 1.463 101.3 31l.4 .0220 1240 976 64.%
953 264 1.491 1.8 29.3 0204 1190 8928 85.2
954 ———— 1.483 —— 26.3. .0185 ——— {a)
98§ 269 1.483 uz.a 37.1 0280 130Q
957 3 a.o ars - 1.491 103.1 44.7 .0312 1400 £
958 7.8 — 1.481 wa— {40.7 | .0234] 1300° d
960 —_ —— ——— ——e-  [s0.2 | .05B1 1350° d
961 a.1 270 1.487 101.1 46.8 .0328 1410
862 8.0 73 1.483 102.6 41.5 .0292 1370

8Near blow-out.
PRough burning.

Cppproximate temperature just before blow-out.

ow-out.
®Noiny combustion.
f3cmewhat unstable.
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TABLE EII. - Contilnued. EXPERIMENTAI DATA

Run {Cozbus-{ Combustor-jCorbustar-|Alr- |Alr-flow[CombustorjFuel-|Fuel |Mean Kean Conbus-~ |Total Remraria
tor inlet to- {inlet to- [flow rate per|reference]|flow [air combus tor-| combug- | tion ef- |pressure-
erank tal pres- [tal tem- rate, |unit velocity, {rate, |[ratic |outlet to-| tor tem-|fictency,|losa
sett sure, Py, [perature, 1b/sec| ares, Yo Ib/hr tal tem- [perature| percent |through

in. Hg abs Tys 1b/(sec) rt/nec perature, |rise, combustor,
. op (sq rt) oy °p in. water
Model 25
Q 8.0 270 0.396 1.483 102.1 a [+] — o -— a
2] 15.0 272 -Th2 2.779 102.4 Q Q —— o — a
990 8.0 271 .595 1.472 102.0 44.4 [0.0312 1100 829 39.5
994 275 .385 1.479 102.6 29.5 .0206 1055 780 54.3
985 267 -394 1.476 101.2 26.5 .01.87 1010 743 56.5
986 272 101.9 25.8 .0l58 955 683 57.5
997 268 101.4 22.0 -0155 ars 607 54.8
998 270 101.6 19.5 -.0138 820 550 55.8
289 270 101.6 42.0 0237 1120 850 42.2

1001 5 8.1 274 =593 l.472 100.7 45.8 03524 1360 1086 50.4

1007 5 8.0 268 395 1.479 101.5 26.5 .0187 960 &92 52.7

1010 10 8.0 - 266 -385 1.479 101.3 43.4 0506 1320 1054 SL.5 10.3

1011 266 -394 1.476 301.1 40.9 .02688 1305 1059 53.5 —

1012 268 101.5 36.C Q254 1220 951 54.8 —— (v}

1013 263 100.7 45.5 -0321 1360 1097 Sl.4 10.3

1014 270 101.6 49.1 -034T 1450 1180 52.2 —

1015 271 -395 1.472 102.9 5¢.1 0380 1505 1234 49.8 — {c)

1016] - © 14.9 268 - 755 2.753 101.7 48.1 .0le2 1216 941 4.2 19.5

1017 14.9 269 733 2.745 101.4 4.4 -0l68 1155 886 75.0 —

1018 15.0 212 ) - 755 2.753 101.4 40.4 .0153 1075 803 Th.4& ——— b

1019 268 <157 2.760 101.1 355.8 0135 965 7 Th.4 —— b

1020 269 - 740 2.772 101.7 32.5 0122 15 646 75.5 —_— b

1021 269 - 735 2.753 101.0 46.8 LOATT 1190 921 T4.68

1022 269 735 2.753 101.0 52.6 -0199 1285 1018 T4£.0

1025 5 15.0 87 -1 2.760 101.0 64.7 <0243 1545 1278 78.0

1026 264 -T45 3.790 101.6 58.% 0220 1445 1181 78.0

1027 268 -T37 2.760 101.1 53.6 0202 13540 1072 TT.2

1028 270 - 735 2.753 101.1 48.4 .0183 970 76.4

1029 267 742 2.779 10L.7 44.9 .0168 1145 878 Th.4 ———

1031 273 740 2.772 102.2 70.0 .0263 1630 1357 77.8 18.6

1033 10 15.. 269 740 2.772 101.7 7.9 0292 1795 1526 79.68 18.0

1034 15.0 263 100.8 81.3 0305 1040 1577 79.2 —

1035 14. 268 102.2 75.4& 0276 1720 1452 79.6 —_——

1036 15.0 268 101.5 67.1 0252 1630 1362 81.0 ——

1057 14.9 271 102.8 §1.3 0230 1510 1239 73.5 —

1038 15.0 272 -T42 2.179 102.4 55.2 0206 1320 1098 77.5 ——

Model 26 .
15.0 289 0.741 2.775 l01.8 — Q —— 16.7 a
15.0 269 .928 3.476 127.5 T —_— i — 3.0 a
8.0 279 -397 1.487 105.7 — —_— 10.1 (-3

1042 2.5 8.0 272 597 1.487 102.7 5%.5 |0.027T 1500 1226 66.4 12.4 &

1043 7.9 277 104.T |32.7 0228 1370 1093 70.1 — (-3

1044 8.0 275 1035.1 2.8 0209 1325 1050 753.1 ———— d

1045 272 102.7 2T.1 .0190 1220 948 72.0 1.3 d

1050 268 101.8 4.7 0313 1520 1254 60.6 — d

1051 274 103.0 £T.5 0554 1480 1206 55.0 —— d

1054 Q 14.9 264 -T42 2.779 101.9 48.5 -0layl 133 1066 85.2 —

1058 15.0 266 -Th2 2.779 101.5 4.7 .0166 1270 1004 88.C —

1056 14.9 275 - T40 2.772 102.9 40.7 0153 1185 912 8¢.8 — b

1057 15.0 275 - T4 2.772 102.2 57.1 0139 1150 a57 87.0 — -]

1058 } 264 -TAS 2.790 101.86 32.5 .0121 1020 756 87.0 —_— b

1059 262 - 740 2.772 100.7 23.8 0112 975 73 88.5 19.3 b

1060 ] is5.Q. y{:] -142 2.779 105.2 N -0201 1430 1152 8.0 231.0

1061 { 268 -T4O 2.7T72 103..5 5.2 .0192 1320 1122 8.8 —

1062 280 <742 2.779 105.5 £7.5 .0178 1330 1080 as.4 —

1063 15.% 266 100.8 7.5 0214 1510 1244 85.3 —

1064 15.0 287 1ai.7 5§1.0 -0228 1570 1303 84.5 —

1065 ‘ 265 10l.4 56 .C 0247 1640 13575 83.2 —

1066 270 - 740 2.772 101.8 7L.6 .0269 1720 1450 81r.5 ———

1071 15.0 266 .973 | 3.644 155.1 [¢3.1 | .o123 1025 759 86.0 —_—

1072 T 15. 268 .965 | 3.614 152.4 |39.0 | .o112 965 897 a5.2 J—

1073 15.1 270 .980 | 3.670 155.9 [30.8 | .0087 800 530 85.6 ——

1074 1.5 15.0 280 -970 5.633 1355.5 8.7 .0168 12720 980 84.6 —

1075 280 .980 5.670 156.6 51.8 g147 1185 905 87.6 —_——

107¢ 260 .880 5.870 135.0 45.2 .0128 :legﬁﬁ 800 87.5 ——

1077 278 -970 35.633 134.9 64.9 .0l88 7S 1097 85.6 —

1078 18.1 264 -975 3.652 132.2 .6 0204 14355 17 8.8 ———

1078 15.0 265 .970 3.633 132.5 6.6 .0218 1490 1230 82.8 —_—

8o burning.

bRau;h burning

CRlow-out.
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TABLE II. -~ CGontlnued. EXPERIMENTAL DATA

Run |Coubus-|Combustor-|Combuster-| air- [Atr-fiow[Combustor|Puel-[Fuel  [Mean Hean Gambun- | Total Remaris T
tor inlet to- [inlet to- |flow |rate per (reference|flow |air coabustor-| combus~ |tion ef- | presaure-
crank tal pres- [tal tem- rate, |unit veloocity,| rate, |[ratio |ocutlet to-|tor tem-|fliclency,|loss ™
settingsure, Py, iperature, lb/naq area, e 1b/‘h.r tal tem- perature| percent | through
in. Hg abs Ta, 1b/(sec} | rt/nec perature, Pf-lgi aombus tor ]
op (sq £t) op in. water
Model 29
O 8.0 271 0.358 1.481 102.8 — 9.% a
15.0 268 <748 2.80L 102.3 —— T 16.8 a
15.0 263 .965 5.614 151.5 —— 23.0 a
X179 8.0 . 268 -397 1.487 101.8 35.2]0.0246 1425 1159 .5
1180 267 .385 1.479 101.4 30.6| .0215 1335 1068 —
1181 264 387 1.487 .6 27.1|] .0189 986 -——
llez2 267 192.0 22.0{ .0l54 1110 843 ————
1183 268 102.1 18.4f .0l29 1015 T47 11.5
li84 268 . 102.1 24,9] .0174 1135 927 —
1l85 286 0l.8 36.8] .0257 1455 1189 —-— -1
1186 289 102.3 42.0] .0294 1445 1178 —_— Q
1187 2.5 8.1 268 .398 1.491 101.1 535.3| .o0232 1300 1032 g4.8
1198 Q 16.0 284 <737 2.7680 100.5 41.8] .0158 1215 951 86.0
1197 264 - 739 2.768 10G.8 37.7] 0142 1135 871 86.7 (b}
1198 265 . T40 2.7172 101.1 34.4] .0129 1070 805 87.4
1199 267 -Th2 2.779 1.7 .8 .0112 275 708 89.1
1200 15.1 266 . .| .745 2.7%Q 101.2 24.9) .0093 880 8l4 20.9
1201 15.0 283 ~TES 2.783 10l.2 20.9] .0078 T80 517 90.0 —-—
1202 266 b -TAS 2.783 101.7 32.7( .0122 1035 769 &7.9 —
1203 266 T42 | 2.779 101.5 45.2) .0189 1270 1004 85.1 —
1204 264 101.2 48.6] .0182 1535 1071 85.0 ——
1205 266 101.5 55.1f 0198 14.0 1144 83.8 .7
1217 5 15.0 . 268 739 2.768 101.1 T4.4| 0280 1720 1454 78.8 20.0 {v}
1218 1.5 15.¢ 264 742 2.779 10X .2 T4.4[ 0279 1780 1516 82.4 ———
1219 268 .T42 2.779 101.5 79.5 0298 1875 1609 82.9 — b .
1220 263 - . 745 2.790 101.5 668.5| .0248 1680 1417 85.6 ——— d
1221 268 { 101.9 59.4 Q222 1550 1284 85.8 — a
1223 264 102r.6 59.2| .0221 1830 1266 B84.8 —— -
1224 286 LTRZ ) 2.779 101.56 54.4| .0204 1420 1154 g2.8 17.9
12256 265 - Thl 2.775 101.2 69.5( .0261 16850 1425 82.3 — L]
1226 264 742 2.779 101r.2 78.0| .02g2 1860 1596 83.5 ——
1228 Q. 15.0 258 .964 3.610 152.2 48.1| .0139 1120 as2 96.6
1229 264 +863 5.807 131.4 44.1| .0127 1055 791 87.0
1230 263 964 5.610 131.3 40.4&| .0126 945 732 87.6
1231 262 -9 5.607 131.0 56.0| .QLO& 930 68 88.9
1232 267 131.9 31.7| .o091 860 593 83.4 ()
1233 265 1351.6 27.5| 0081 80 90.1 (v}
1254 14.9 262 .964 3.610 132.0 25.5| .0068 720 458 91.0
1235 15.0 286 .9 5.607 131.8 80.7| .0Ll47 1155 889 85.6 {n)
1236 265 131.6 57.4] .0186 1250 985 85.0
1237 . 266 ' 151.8 60.5| .0174 1290 1024 84.4
1238 262 151.0 83.4] .0L83 1315 1053 85.2 (»)
1240 -3 15.0 264 .963 3.607 151.4 67.1| .0193 1370 1108 83.0
1241 5 15.0 2687 963 3,807 131.9 72.8] .0209 1445 1178 82.4
1244 10 15.1 266 -969 5.829 131.7 81.8] .0234 1575 1309 82.7 —_—
1245 10 15.0 262 .967 3.622 15..8 85.8] .0248 1650 1388 84.0 —— {b)
1248 15 15.0 266 963 5.807 . 151.8 94.0] .0271 1760 1494 83.4 ——
1249 # 264 151.4 101.8] .0294 1870 1406 72.5 ——— d
1250 261 131.9 85.2| .0248 1650 1383 4.0 ——— [}
Model 34
1527 ] 8.0 267 0.387 1.487 102.0 29.5]0.0207 1530 1063 T4.8 18.2
1328 270 102.4 35. 02351 1380 1110 70.8 —
.1329 274 103.0 35.4( .0248 1436 1181 59.4 — (b)
1330 270 102. 4 37.9| .0288 1535. 1265 1.5 —_——
1331 269 102.3 42.0| .0294 1640 1371 10.5 ——
1332 a.1 262 100.0 45.9] .0308 1500° 1338 66.0 —— [C)]
1334 8.0 262 101.3 27.1] .0180 1270 J1008 T6.5 135.0
1335 8.0 268 102.3 23.6) .0165 118¢ asl 78.8 ar———
1336 —_— 262 20.6| .014e 1000% 758 71.8 _— {o}
1338 8.0 271 102.5 24.8] .0172 1130 919 76.2 ——
1339 8.0 266 101.8 56.0) .0252 1460 1214 7.5 -—
1340 10 a.q 266 397 1.487 101.8 39.2] 0274 1585 1519 T2.1 ——
1341 10 8.1 264 597 1.487 100.5 43.8] .0306 1670 14086 £9.8 — {a})
1342 [+ 15.0 287 .960 | 5.598 1351.5 47.6] .0138 1120 as3 87.4 ——
13543 15.1 269 975 3.6852 153.1 42,61 .0121 1030 7681 87.8 —
1344 15.0 274" .987 3.622 135.8 38.2] .0110 970 896 88.1 ——
1346 275 .960 | 3.586 152.6 54.7) 0100 905 632 85.9 37.8 Fl
1346 272 .972 3.640 134.1 30.01 0088 az2¢ S48 a7.4 —_—
1347 258 972 3.640 133.3 24.9f( .0071 740 472 89.9 —
1348 274 .967 3.622 13%.8 18.7| .0054 640 566 §0.9 35.6 -
1549 261 .876 3.6852 132.5 46.5;p .0132 1080 829 88.2 ——
1350 261 .975 5.852 1352.5 55.1] .0151 1196 34 87.7 ——
1351 —e—— .862 | 3.603 — 57.8( .0167 1260 -——- 85.6 —— (v, 1)
%o burning. Yery rongh burning. .
hﬂaugh burning. €approximate temperature just before blow-cut.
CBlow-cut. THear blow-out.
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TABLE II. - Concluded. EXPERIMENTAL DATA

Run | Combus-|Combustor-|Combustor-|Air- |[Alr-flow|Combustor|Puel-| Puel |Mean Mean Combus- | Total Reraris
tor inlet to- |imlet to- [flow rate per{reference|flow |air eabustor-| eanbus~ |tion ef- |pressure-
aranic tal pres- |tal tem- rate, [unit veloclty,|rate,|ratic | cutlet to—| tor tem-|ficlency,|loas
setting|sure, P;, |perature, 1b/sec ar;%, ) Vos Ib/hr tal tem- perature| percent |through
T ib/(mec perature rise eombus tor,
in. Hg abs 4 (oq oty | fHfeee op op in. sater
Model £1
1459 8.0 264 0.391 1.464 99.98 29.0] 0.Q2086] 1230 1026 72.3
1460 272 -380 1.461 100.9 34.7| 0247 1435 1163 89.6
1481 272 -394 1.476 101.9 36.1f .0269 1485 135 67.4
1462 ) -394 1.476 101..6 30.5] 0214 1525 105% 72.0
1483 268 ~393 l.472 101.1 26.5| .018B i210 942 72.3 {a,d)
1464 15.0 289 .86T7 | 3.622 152.9 45.4| .o0125) 1045 776 a7.1
146S 268 -8967 3.622 132.7 58.1| .0108 50 682 BE.T
1466 265 .962 | 5. 131.4 355.7 .0103 830 §25 as5. {(b)
1467 258 967 5.822 1352.7 £8.5| .0139 857 &7.0
1458 o252 969 3.629 131.8 51.5| .0146 1170 g08 a7.3 ——
1469 263 132.0 5.7 .0180| 135 §52 85.0 5¢.6
1470 262 151.8 6Q.5| .0173| 1250 988 8l1.9 —_—
1471 57 132.7 67.3] .0193 1260 993 T4.1 — {b}
1472 —_ 29.2| .0084 — — —— —_— e
Nodel 42
1482 ] 15.0 256 0.970 | 3.633 130.9 60.0/0.00172 1240 284 82.¢ 34.9 (d)
1483 1S5.1 270 975 | 3.652 155.2 65.5] .0186 1295 1025 T9.4 ——
1484 15.0 264 .972 | 3.640 152.6 T1.5| 0204 13560 1096 78.1 57.0
1485 15.0 287 .97S | 5.652 155.6 76.6] .0218 1400 76.0 — ih;
1488 15.1 T2 <974 | 3.648 1335.5 78.5| 0257 1450 1178 T6.5 — b
1487 is.0 280 -965 | 3.614 I34.6 85.6( .0248 1470 1190 7.6 — b
1488 266 -975 | 5.652 155.4 88.4| .0255 1330 1124 65.3 38.3 d
1489 260 .97% | 3.652 152.3 56.5{ .016% —— — —— — c
1490 267 -135 2.755 100.7 44.2] 0167 pleak:) a7.5 -1
1491 285 -T4O 2.772 01.3 49.4| .0186 1570 1104 86.1 _— {b)
1492 270 « 745 2.790 102.5 55.0| .0205 1450 1180 84.3 ——— (v)
1493 266 T2 2.779 101.5 60.2| 0225 1540 1274 85.5
1494 15.% 260 <TLS 2.7%0 100.6 66.5| 0246 1650 13720 82.0
1495 15.0 255 -T42 | 2.7T9 99.97 T2.6| 0272 1720 1465 a.s
1496 268 - TS 2.785 10l.9 77.¢| .0z288 1790 1522 80.58
1497 2568 - Th2 2.779 100.1 57.8] .0216 15058 1249 84.9
1498 258 - 750 2.809 101.5 35.2] .0l31 — ——— —_— {ec}
NModel 46
1555 [¢] 8.1 265 |0.393 L.472 89.44 54.910.0247 1420 1155 63.0
1556 8.0 268 i01.1 38.2{ .0270 1500 12352 68.¢ b
1657 274 101.9 41.5| .029¢& 1580 1306 67.2 §]
1558 263 101.2 45.0] .0318 1665 1396 67.0 b
1560 13 101.8 32.5 1555 1082 69.1
1561 275 <392 | 1.468 101.5 29.5| .0209 1260 207 &8.4
1562 270 .392 1.468 101.1 26.8| .0150 1180 210 68.5
1563 266 395 1.472 1 & 25.01 .0162 1095 829 72.2
1564 7.9 265 392 1.458 101.T 18.9] .0154 960 [3:13 T2.5
1565 8.0 268 393 | 1.472 lol.l 18.7| .01s8 S60 692 69.5
1566 269 <395 1.472 101.2 17.5| .0l24 200" 631 76.8
1567 270 .392 | 1.488 101.1 15.8| 0112 850 580 1.4
1588 2711 I 101.2 13.8| .0098 760 489 68.3
1569 270 -1 11.8| .oce4 660 390 65.2 b
1570 288 393 1.472 101.1 11.2| .0079 605 337 57.6 b
1571 268 .392 | 1.488 . 10.0| .0071 510 242 45.8 — b
1576 2.5 a.os 260 382 1.468 100.2 49.4| 0550 1740 1472 64.5 — (b}
1578 5 8.06 255 -390 X.481 99.03 53.9| .0584 1750 1487 60.3 — idl
1579 5 8.0 266 .391 | 1.454 1003 58.1| 0412 1880 1594 60.8 — e
1 J 15.0 260 .983 5.682 134.9 50.4| .01l42 1075 aaT 79.8 —_—
1807 265 -.996 | 5.727 136.0 57.5| 0181 1170 905 80.5
16808 268 L.000 5.745 157.2 64.5| .0179 1245 877 78.2
1809 267 L.050 5.953 143.9 74.7| .0198 1395 1128 a3.0
1810 26T 995 3.719 L 80.5| .0225 1505 1238 80.9 —
161} 254 -997 J.754 1536.0 88.7| .0247 1555 1281 7.7 — b
1612a 267 -990 3.708 155.6 9£.6| .0265 1645 1376 77.9 — &
151on —_— -8990 | 3.708 101.7| .a2e8s ——— — — [
1813 14.9 265 -$87 | 5.697 155.8 48.4| 0158 1035 770 79.3 —
1614 5.0 268 890 5.708 135.4 43.9 0123 965 699 T2.0 —_—
1615 263 l 1354.9 38.2| -Q107 905 642 a2.5 —
1616 267 135.6 52.8| .0092 as5.8 — {b)
1617 a7 .952 5.715 135.9 27.1| .0076 TAS . 478 85.5 —
1818 14.8 — .995 | 3.71l8 20.0| .0056 — — _— — EG;
1619 15.0 268 .782 | 2.929 101.3 38.4| 0136 1025 757 77.8 —— b
1620 268 -782 2.929 106.8 43.6| .0155 1115 850 77.6 — b
1621 55 -T85 2.940 107.2 48.3] 0173 1205 240 7.9 —— b
1622 -785 2.933 107.6 54.7| 0194 1530 1061 79.1 —— b
1623 27 T 2.921 106.8 61.0| .0217 14680 1193 80.5 19.9 b
124 268 107.0 66.5| .0257 1580 1512 a2.4 — b
1625 258 lo7.0 T1.5| 0254 1855 sa7 81.8 —— b
182¢ 263 106.3 76.5] .0272 1750 1487 82.6 —_— b
le2t 258 .782 2.929 107.3 T8.9] .C280 1805 1537 85.4 — b
1628 14.9 268 - 780 2.921 107.7 79.2] 0262 1780 1512 8.4 —_— (43}
1628 ] 15.0 265 782 2.929 106.8 57.4| .0133 1050 T85 82.7 —— -]
1650 15.0 263 .780 | 2.921 106.3 51.7| .0113 560 697 85.6 — b
1631 14.9 268 -T78 2.914 107.5 26.8] .0096 8ss 62T S4.1 ——— b
1632 15.0 288 -782 | 2. 107.3 2L.7] 0077 T60 492 84a.7 —_—
16853 269 7835 2.9353 107.6 22.1] .0079 55 488 83.6 —
1634 268 . T65 2.865 104.9 19.61 .0071 TOQ 432 82.3 —
1635 264 - 780 2.921 106.4 19.4] .0069 8§70 406 TF.3 —
1636 284 778 2.203 10S.7 17.6| .006S 578 311 66.0 — Eh}
16357 — -T78 2.903 16.1| .00S8 — —_—— — — e
®Keer blow-out. ®Blow-out.
bRou.u: burning. d-Vu.';r rough burning.
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TABLE ITI. - DATA OF COMBUSTORS OF DIFFERENT SIZE

Refer-| Com-{ Cambustor type Dimensions Combustion efficiency, percent
ence bus-
tor |Produc-|Experi-|Maximum |Hy- v,./PsTy = 100X1078| v_/P,T; = 248X1076
tion mental |combustor|draultic
cross- radius,; Fram Temper- |From Temper- |Temper-
sectional in. ref, 12| ature ref. 12]ature ature
area, rise, rise, rise
sq in. (a) |e80°F () |680°°F |1180% F
12 A X 234.4 0.85 64.0 (b)
B X 234 .4 .76 64.0 {p)
c X 74.8 1.13 £9.0 (v}
D X 74.8 1.13 79.5 {v)
E X 58.5 .59 | <<40.0 )
F X 354.0 .56 54.5 {b)
G X 420.0 2.32 96.5 67.0
H X 420.0 2.32 95.0 85.0
I X 38.5 1.35 85.5 40.0
J X 28.5 1.35 71.5 8.0
K b4 69.4 1.79 83.0 54.0
L X 69.4 1.79 83.5 51.0
M X 69.4 1.79 76.0 47.0
N X 103.8 2.38 68.0 (c)
1 | - X 420.0 | 2.32 97.5 g2.0¢ | 80.0%
3 - X 70.9 2.08 gs.0d 77.04 | 86.0
14 - X -69.4 1.62 95.0 87.5 79.0
9 - X 38.5 1.40 92.0 (e) 75.0
10 - X 38.5 1.39 79.0 (b} (v)
5 - X 38.5 1.35 78.0 (b) (v)
5 - X 38.5 1.35 66.0 57.0 71.0
15 - X 420.0 2.00 160.0 g1.04 | 87.02
5 - X 69.4 1.79, 80.0 70.0 (v)
13 - X 922.0 | 2.50 85.0 {c) (e}
Yarlable
erea,
model 29 X 8.5 | 1.36 89.0% sz.0d | s8.0

8Reciprocal of V,./P;T; used in ref, 12.
PReyond burning limit.

Cpata not obtained.

dpstimated value.
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Flgure 1. - Experimentel-combustor instellgtion, including inlet and outlet ducting and Instrumentsticn

gtations.

OTaSSH WE VOVN

ce



Fuel-supply line

Movable sleevae
Outér primary sir

Cooling-alr louvers

éﬂ Area-varying mechanlem
s

Inner primary-air swirler

Imuer primary air

T
\ Secondary air
Throat pection
b te
O I S
- l )8 ; ‘-‘ Disk witk fuel holes
\ M "“\\\\.}
/ 2 -

Figure 2. - Basic constructlion of variable-arsa combustor.
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Figure 5. - Mechanical positioner and basic dimensions of variable-sarsa combustors inveatigated.
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/I Y g

/ Meximm for mod.els\

/ 25, 29, and 46 \

Primary liner area, percent of total area

2 4 6 8 10 12 14 16
Crank setting

Figure 4. - Variation of primary-a.ir areas with crank setting for
variasble-area combustor. . - o L



(a) Basic deslgn vith verying mumber and size of fusl holes.

Figure 5. - Experimental variabls-ares combustor configurations.
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Atomizer

Type

Rating

at 100 1b/sq in.
pressure
3 | Fized-ares 10.5 gal/hr 60
42 Fixed-area 30.0 T0
41 Pintle Varigble-area 45

Blank fuel disk
Mechanicgl fuel atomizer

Figure 5. - Contimued. Experimental variable-area combustor configurations.
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() Basic design with various baffles.

S. - Contimued. Experimental varisble-area combuetor configurations.
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Model Fuel Introduction

og

Alr atomization ¥ Mechanical atowization

28 | Four 0.028-in, fuel holes in disk | 2.0 gal/hr (at 100 1b/sq in.)
’ fized-area noxzls

60° cone angle
48 Four 0.0135-in. fusl holes in Varisble-area pintle nozzle
fuel iins, 5/8-in. upstresm 45° cone engle

from blank fuel disk

Diak with fuel holes

Mechapical fuel atomizer
Plain digk baffle

1/4-Tuch liner holes
3/8-In. liner holes

(d) Combinations of various liner configurations end atomization methods.

Figure 5. - Concludad, Experimental variable-ares combustor configuretions.
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(d) Test condition B:
per square foot.

Fuel-air ratio

Pressure, 8 inches of mercury absolute; air flow, 1l.48 pounds per second

Figure 7. - Combustion efficlency of model 10, a basic varlable-area combustor, showing effect

of veriable primery-air flow,
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(c) Test condition B:
per square foot.
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Pressure, 8 inches of mercury absolute) air flow, 1.48 pounds per second

Figure 9. - Combustion efficiency performance of varieble-ares combustor with mechanical and

air atomization.
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Figure 10. ~ Combustion efficiency of verieble-area combustor with several baffles installed; air
etomization of fuel.
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Figure 11. - Performance of best models of variahle-area combustor with plain disk baffle, liner
hcles and fuel dams, and air and mechanical atgmization.

‘




3555

Combustor total-pressure loss

Reference velocity pressure

NACA RM E55B1O ] 37
| Primary eir,
percent
L Q 11
A 14
=] i8
v 21
[ o 25
Fixed-ares settlngs
| e ——— - Verisble-aree settings giving
peak efficiency of model 29
at test conditlion B
B T Open symbols dencte typicel
pressure loss
26— Solid symbols denote model 29
pressure loss
//
!; ”‘W
. /% I | ]
—=Fob — -
22 — "}-“-r’ =
] /a} L ==
‘8-/ o
T°
18
(a) Combustor-inlet pressure, 15 inches of mercury ebsolute.
32
/
28 —
o)
C//O/
/ //
24 / A b
_& v
8 -n’/
20
1.0 1.4 1.8 2.2 2.6 3.0 3.4 3.8

Combustor-inlet to -outlet density retio
(b) Combustor-inlet preasure, 8 inches of mercury ebsolute.

Figure 12. - Pressure-loss characteristics of several varisble-arse combustors
with plain disk baffles.
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